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Quantum-stochasticity-induced asymmetry in the angular distribution
of electrons in a quasiclassical regime
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Impacts of quantum stochasticity on the dynamics of an ultrarelativistic electron beam head-on colliding
with a linearly polarized ultraintense laser pulse are theoretically investigated in a quasiclassical regime.
Generally, the angular distribution of the electron beam keeps symmetrically in transverse directions in this
regime, even under the ponderomotive force of the laser pulse. Here we show that under certain conditions
an asymmetric angular distribution of the electron beam arises due to the quantum stochasticity effect, via
simulations employing Landau-Lifshitz equation, quantum-modified Landau-Lifshitz equation, and quantum
stochastic radiation reaction forms, to describe the radiative electron dynamics. The asymmetry is robust against
a variety of laser and electron parameters, providing an experimentally detectable signature for the nature of
quantum stochasticity of photon emission with laser and electron beams currently available.
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I. INTRODUCTION

The dynamics of an electron in an electromagnetic field
is a fundamental issue in both classical electrodynamics [1]
and quantum electrodynamics (QED) [2]. Apart from the main
Lorentz force, the electron also suffers from the reaction force
of radiation. In the classical realm, the radiation reaction (RR)
effect is taken as radiation damping stemming from the radi-
ated electromagnetic fields coupling the external fields. The
well-known Lorentz-Abraham-Dirac (LAD) equation [3–5]
self-consistently describes the electron motion accounting for
RR effects as an additional four-force. However, the LAD
equation gives unphysical solutions, such as the “runaway”
solution. To fix it, the Landau-Lifshitz (LL) equation was
developed through bringing a perturbative iteration in the RR
terms in the LAD equation, and it is employed as the classical
equation of electron motion at relatively low electromagnetic
wave amplitude [6]. On the other hand, the LL equation
overestimates the radiative energy loss, since it unphysically
includes the emission of photons with energy higher than
the electron kinetic energy [7]. Recently, a quantum-modified
LL equation was derived with quantum-recoil corrections
through rescaling the RR force by a factor of IQED/IC (i.e.,
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the ratio of the radiation intensities within QED and classi-
cal approaches) [8,9], avoiding the aforementioned classical
overestimation. Another distinguishing property of radiation
in QED is the nature of quantum stochasticity, i.e., the discrete
and probabilistic character of photon emission [10–12]. The
quantum stochasticity effect (QSE) would increase the yield
of high-energy photons [13], cause the quantum quenching
of radiation losses [14], alter the energy spectrum of emitted
photons [12] or scattered electrons [10,15,16], reshape the
space-distribution of photons [17] or electrons [18,19], etc.
[20–22].

Nowadays, the development of ultrashort ultraintense laser
techniques [23] has stimulated the research interests in confir-
matory experiments on QED theory [24], such as the famous
E-144 experiment at SLAC [25–27]. Recently, quantum RR
was reported to be observed in the experiments of laser–
electron-beam interaction [28,29], via comparing the electron
spectra and the photon spectra detected with those simulated
in the quantum theoretical model. Note that in these exper-
iments, the QSE was detected mixed with other quantum
properties, such as quantum recoil.

Proposals [10–18] for unambiguous identification of
the QSE mainly involves the quantum-radiation-dominated
regime (QRDR) characterized by the parameter of Rc =
αχa0 � 1 [24,30]. Here, α ≈ 1/137 is the fine-structure con-
stant, indicating the order of photon-emission probability
of the electron in a formation length (l f ∝ λ0/a0, with λ0

being the laser wavelength [31]); a0 ≡ eE0/(mω0) is the
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normalized laser field parameter, where ω0 is the laser fre-
quency, and e(>0) and m are the electron charge and mass,
respectively; and χ ≡ e

√−(Fμv pv )2/m3 ≈ 2ω0a0γ /m is the
nonlinear electron quantum parameter corresponding to the
ratio of the typical emitted photon energy with the initial
electron kinetic energy as ωγ /ε0 ∼ χ , where Fμv is the field
tensor and pv is the four-vector of the electron momentum.
Units h̄ = c = 1 are used throughout. It is well known that
effects from quantum properties become significant when χ

gets close to 1. Apparently, the QRDR represents a regime
where the energy loss of an electron in a laser period due
to the RR effect is comparable with its initial energy. The
QRDR can elicit remarkable impacts of the RR effects on
electron dynamics even when χ � 1, whereas it also requires
superhigh electron energy and laser intensity in experiments.
Moreover, signatures associated with electron spectra and/or
photon spectra [10,13–16,32] would be submerged by the
fluctuation and statistical uncertainty of the laser and electron
beam parameters. Even though in some measurement methods
the experimental feasibility for discerning the QSE has been
proved numerically [18,19,32], the fact that the QSE has not
been observed distinguishably promotes more investigations
on QSE signatures.

To tap the signature of the QSE in the regime of Rc � 1
and χ � 1 with significantly reduced laser intensity and elec-
tron energy, we investigate the dynamics of an ultrarelativistic
electron beam in a nonlinear Compton scattering process with
a linearly polarized ultraintense laser pulse field in a quasi-
classical regime with χ � 1, as shown in Fig. 1. With the

QSE, an asymmetric radiation energy loss arising from the
discrete and probabilistic character of photon emission can
lead to a notable deflection effect on the scattered electrons
and thus imprint a laser-polarization-dependent asymmetry
on the electron distribution. Without the QSE, the RR ef-
fects on electron dynamics, which can be considered as a
damping force proportional to E2

0 and opposite to its velocity,
would result in a negligible integrated deflection effect on
these electrons. Simulation models based on the LL equation
(LLM), the modified-LL equation (MLLM) and the Monte-
Carlo stochastic algorithm (MCM), to describe the electron
dynamics including RR effects, are performed for qualitative
and quantitative studies.

This paper is organized as follows. In Sec. II, the theoreti-
cal models applied in the simulations of the electron dynamics
including the RR effect are briefly introduced. In Sec. III, the
expression for the electromagnetic field modeling the laser
pulse is shown. In Sec. IV, the results on the QSE signature are
presented and the reason is analyzed. In Sec. V, we investigate
the impacts of the laser and electron beam parameters on the
QSE signature. The main conclusion of our work is given in
Sec. VI.

II. THEORETICAL METHODS

The applied simulation methods are introduced briefly
below, with details described in our previous work [18] or
Refs. [24,29]. The LLM is a pure classical method with a
three-dimensional RR force reading [6]:

FRR = −2e3

3m

{
γ

[(
∂

∂t
+ p

γ m
· ∇

)
E + p

γ m
×

(
∂

∂t
+ p

γ m
· ∇

)
B

]

− e

m

[
E × B + 1

γ m
B × (B × p) + 1

γ m
E(p · E)

]
+ eγ

m2
p
[(

E + p
γ m

× B
)2

− 1

γ 2m2
(E · p)2

]}
, (1)

where E and B are the electric and magnetic fields, respec-
tively. Quantum correction to the RR force is conducted in the
MLLM by adding a modifying factor of g(χ ) ≡ IQED/IC [8,9],
i.e.,

F ′
RR = g(χ )FRR, (2)

where IQED = ∫
ωγ dWrad/(dtdωγ )dωγ indicates the quan-

tum total emission power, with ωγ being the emitted
photon energy and Wrad the radiation probability, and IC =
2e4E ′2/(3m2) is the corresponding classical quantity calcu-
lated at the local value of E ′, the electric fields in the electron
frame. Apparently, the LLM and the MLLM treat the RR
effects excluding the QSE.

The MCM deals with the photon emission quantum me-
chanically, fusing the QSE into the RR process by taking
advantage of the Monte-Carlo stochastic algorithm. The dis-
crete and probabilistic photon emission is performed by a
stochastic procedure based on the radiation probability in the
local constant approximation [8,31,33–39], which reads as
follows [40]:

d2Wrad = αm√
3πγ

[
IntK 5

3
(u′) + u2

1 − u
K 2

3
(u′)

]
dudt, (3)

where u′ = 2u/[3χ (1 − u)], with u = ωγ /ε0, and
IntK 5

3
(u′) ≡ ∫ ∞

u′ dzK 5
3
(z), with Kn being the n-order modified

Bessel function of the second kind. In each time step 
t ,
the probability for an electron with an energy of ε0 to emit a
photon of ωγ = uε0 (0 < u < 1) is calculated with Eq. (3),
i.e., Wrad(u) = d2Wrad/(dudt )
t
u. To avoid an infrared
cutoff, we take u = r3

1 [41], with r1 being a random number
in [0,1]. Another random number, r2 ∈ [0, 1], is used to
determine if a photon is emitted: if Wrad(r1) < r2, emission
of a photon is rejected; otherwise, a photon of ωγ is emitted.
Given the smallness of the emission angle ∼1/γ for an
ultrarelativistic electron, the emitted photon is assumed to
move along the electron velocity. Here, γ is the electron
Lorentz factor. More detailed information on this method
and its accuracy have been shown in Ref. [41]. Between
emissions, the electron dynamics in the laser field is governed
by classical Lorentz equations of motion.

In our simulations, effects from electron spin or emit-
ted photon polarization are ignored due to their negligible
integrated influence in the nonlinear Compton scattering pro-
cess [42,43]. While similar classical [44,45] and quantum
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FIG. 1. Scenario of laser–electron-beam interaction to reveal the
QSE on electron-beam dynamics. The electron bunch propagating
along −z head-on collides with a linearly polarized ultraintense laser
pulse. The signature of the QSE could be observed from the detectors
recording the final angular distribution of the electrons.

[39,41,46] simulation models have also been put forward, the
signature of the QSE, i.e., the difference between the classi-
cal and quantum models, is expected to be invariant for the
scheme and parameters considered here, as shown below.

III. EXPRESSIONS OF THE ELECTROMAGNETIC
FIELDS EMPLOYED

A linearly polarized laser pulse with a Gaussian temporal
profile, propagating along the +z direction, is utilized as the
scattering laser beam. The laser pulse is tightly focused to the
position of (0, 0, 0) and is polarized along the x direction,
which is modeled by the expressions of nonparaxial solution
[47] with terms of order up to ε3. Here, ε = w0/zr , w0 is
the laser beam waist and zr = k0w

2
0/2 is the Rayleigh length,

with k0 = 2π/λ0 being the laser wave vector. The explicit
electromagnetic field components read as follows [47]:

Ex = E

[
S0 + ε2

(
ξ 2S2 − ρ4S3

4

)]
, (4)

Ey = Eξv(ε2S2), (5)
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[
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(
−C2

2
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4

)]
, (6)
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ρ2S2

2
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4

)]
, (8)
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2
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2
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4

)]
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where

E = E0
w0

w
e− r2

w2 e− η2

2s2 , (10)

Sn =
(w0

w

)n
sin(ψ + nψG), (11)

Cn =
(w0

w

)n
cos(ψ + nψG), (12)

n = 0, 1, 2, . . . , (13)

w = w0

√
1 + (z/zr )2, ξ = x/w0, v = y/w0, ρ = r/w0, r2 =

x2 + y2, s = ω0τ/(2
√

ln2), and ψ = ψ0 + ψP − ψR + ψG.

FIG. 2. Two-dimensional distribution of electron number density
of d 2Ne/(dθxdθy ) (mrad−2) (left column) vs deflection angles of
θx = px/pz and θy = py/pz; and integrated one-dimensional distribu-
tion of electron density of dNe/dθx,y (mrad−1) (right column) vs θx

(red solid line) or θy (blue dash-dotted line). Rows from top to bottom
are the numerical results calculated with RR in MCM, MLLM, and
LLM, respectively, and without RR.

Here, ψ0 is the carrier-envelope phase, ψP = η = ωt − kz,
ψG = tan−1(z/zr ), ψR = kr2/(2R), with R = z + z2

r /z, and τ

is the pulse duration [full width at half maximum (FWHM)].

IV. NUMERICAL RESULTS ON THE QSE SIGNATURE

A typical simulation result, employing a feasible scenario
involving an electron beam of ε0 = 300 MeV and a laser pulse
with peak intensity of a0 = 30 or I0 = 1.2 × 1021 W/cm2

(corresponding to the quantum parameters of χmax ≈ 0.08 and
Rc ≈ 0.02), is illustrated in Fig. 2. The electron bunch is set
with features of the laser-accelerated electron source [48–50]:
Ne = 1 × 106 electrons are uniformly distributed longitudi-
nally in a cylindrical form at a length of Le = 5 μm and
normally distributed transversely in a radius of Re = 1 μm
with a standard deviation of σx,y = 0.3 μm. The angular di-
vergence is 
θi = 1 mrad and the energy spread (FWHM) is

ε = 42 MeV. The scattering laser pulse is linearly polarized
along the x direction, tightly focused at a waist radius of
w0 = 3 μm and Gaussian distributed in the temporal dimen-

042218-3



GUANG HU et al. PHYSICAL REVIEW A 102, 042218 (2020)

sion at a pulse duration of τ = 8T0. The laser wavelength is
λ0 = 1 μm.

Two-dimensional distributions of electron number density
with respect to deflection angles of θx and θy, correspond-
ing to the intuitive image from the detector of electron
deposition, are shown in the left column of Fig. 2. An
asymmetry dominated by the QSE appears in the elec-
tron distribution: in Fig. 2(a), the electron distribution is
oval shaped, with the major axis along the x direction and
the minor axis along the y direction, while it is round
shaped in Figs. 2(c), 2(e), and 2(g) without the QSE. For
a more quantitative analysis we integrate the electron dif-
ferential angular distributions in θy or θx and obtain the
one-dimensional distribution curves of electron density with
respect to θx or θy, respectively, as shown in the right column
of Fig. 2. In Fig. 2(b), the angle spreads in x and y directions
are 
θx = 4.28 mrad and 
θy = 1.46 mrad, respectively,
resulting in an asymmetry of δ = 
θx/
θy ≈ 3; in both
Figs. 2(d) and 2(f), 
θx = 
θy = 1.46 mrad; and in Fig. 2(h),

θx = 
θy = 1.12 mrad. With the initial 
θi = 1 mrad
before interaction, the broadening of 
θx,y in Fig. 2(h) re-
sults from the ponderomotive force of Fp � −m/(2γ )∇a2

[51,52], with a = eE/(mω0) being the normalized electric
field vector. Here, for the linearly polarized laser condition,
Fp ≈ −m/(4γ )∇â2, with â = a0e−r2/w2

0 e−η2/2s2
obtained by

averaging over the fast laser period of |a|.
The 
θy, composed of two parts, can be estimated from


θy =
√

(
θi )2 + (
θp)2, (14)

where 
θp = |Fpy|(2τ )/(mγ ) and |Fpy| = 1
2τ

∫ τ

−τ
−m
4γ

∂a′2
∂y dt is

the y component of Fp averaging over an action time of 2τ

approximately. Since py ∼ 0.001pz, the position shift during
the interaction could be <0.01λ0, far less than the average
initial electron position of yi ≈ σy; then, |Fpy| ≈ |Fpy|y=yi

≈
0.53a2

0mσy/(γw2
0 ), resulting in


θp ≈ 1.07a2
0σyτ

γ 2w2
0T0

. (15)

From the estimate of Eqs. (14) and (15), it should be 
θx,y ≈
1.2 mrad without the RR in Figs. 2(g) and 2(h), consistent with
the numerical value. When the RR is included, the electrons
also suffer from radiative energy loss, leading to the wider

θy in Fig. 2(b) and the wider 
θx,y in Figs. 2(d) and 2(f).
In this scheme of χ � 1, Rc � 1, and a0 � γ , the electron
deflection angle caused by the ponderomotive force is far less
than that from the QSE. With imaging, such as a Lanex film
[48], the asymmetric distribution can be recorded to identify
the QSE role.

The further explanation of the asymmetric electron distri-
bution from the QSE is analyzed in Fig. 3. The momenta of
a number of sample electrons are calculated. For simplicity,
we set the initial electron momentum along the −z direction
and the initial position of (0, 0, ct0), with t0 defined as the
time when the electron reaches the laser focus. Apart from
the RR, the increment of electron momentum should be zero,
as one can see from the Lorentz equation for the electron
transverse motion of dp⊥/dt = −e(E⊥ + v × B⊥), with the
integral value of E⊥ being zero in a normal symmetric laser

FIG. 3. The evolution of px (a) and py (b) with respect to the
laser phase η = ω0t − kz, calculated in the MLLM (magenta solid
line), in the LLM (blue dash-dotted line), and without RR effects
(black dashed line). (c) The evolution of px for ten sample electrons
in the MCM. (d) The final electron energy spectrum in the MCM
(red solid line), in the MLLM (magenta dotted line), in the LLM
(blue dash-dotted line), and without RR effects (black dashed line).

pulse. As γ 
 1, the RR force could be estimated by the
leading order of γ 2 in Eq. (1) as FRR ≈ −2e4/(3m2)γ 2v[(E +
v × B)2 − (E · v)2]. With |v| ≈ −vz ≈ 1, it can be written as
FRR ≈ −8e4/(3m3)γ |E|2p. In this case in which p evolves
according to E with a phase delay of π/2, the integral of the
RR force in the x direction is nearly zero. Correspondingly,
the net transverse momentum increment of an electron passing
through the symmetric laser field should also be zero with the
RR included, in coincidence with the numerical result in the
LLM. With g(χ ) ∈ [0.96, 1], the electron deflection angle in
the MLLM is close to that in the LLM. Above all, whether
the RR is considered or not, in our regime, the final 
px

in Fig. 3(a) should be zero, and naturally 
py in Fig. 3(b)
should also be zero due to the linear polarization of the laser
pulse. Without the QSE, the electron distribution should be
symmetric transversely, as shown in Fig. 2.

The evolution of px of ten sample electrons in the MCM is
elaborated in Fig. 3(c). Each electron experiences a stochastic
radiation process, resulting in a randomly distributed final px,
causing a broadened 
θx in Fig. 2(a). This broadening effect
can be estimated from


θQ = 2
√

2ln2σpx

mγ
, (16)

where σpx =
√

(pf
x )2 is the standard deviation of the fi-

nal px, named pf
x . The pf

x could be obtained from pf
x =

pi
x − ∑

pγ
x = −∑

pγ
x due to the momentum conservation,

with pi
x = 0 and pγ

x ∼ χ px being the initial electron mo-
mentum component and the emitted photon momentum
component, respectively. Even though the pγ

x is randomly
determined by the photon energy spectrum of Eq. (3), it is
reasonable to take it as the average value for the estimate,
which is pγ

x = [
∫ 1

0 upx(dWrad/du)du]/[
∫ 1

0 (dWrad/du)du] ≈
C(χ )χ px, with C(χ ) ≈ 0.21χ−0.24 for χ � 0.1 obtained from
Eq. (3). According to the theory of error transfer, we can

get σpx =
√∑

(pγ
x )2 =

√
Nγ (pγ

x )2 for the bunch of elec-
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trons with multiple emissions. The number of emissions
for one electron is supposed to be Nγ ∼ 1.4αm2χ τ

2 /ε0 ≈
15.4 [31], which is about 14.4 from the numerical result of
Fig. 2. Taking into account the phase difference among px ≈
−ma0cos(η)e−η2/2s2

, χ ≈ 2ω0γ |ax|/m, and the radiation
probability of Wrad ≈ 2.8αω0|ax|, with ax ≈ sin(η)e−η2/2s2

,

the

√
(pγ

x )2 ≈
√∫ τ

−τ
[C(χ )χ px]2Wraddt/

∫ τ

−τ
Wraddt ≈ 5.3 ×

10−6ma1.76
0 γ 0.76. Therefore, the deflection effect from the

QSE should be


θQ ≈ 3.3 × 10−6a2.26
0 γ −0.24

(
τ

T0

)0.5

. (17)

Apparently, the 
θx consisting of three parts reads as follows:


θx =
√

(
θQ)2 + (
θi )2 + (
θp)2 (18)

=
√

(
θQ)2 + (
θy)2. (19)

Correspondingly, it could be estimated as 
θx ≈ 4.6 mrad in
Figs. 2(a) and 2(b), coincident with the numerical result.

As investigated previously [10,13–16,32], the final
electron energy spectrum can also spread due to the
QSE role [see Fig. 3(d)]. The spectrum curve of the
MCM occupies the same mean electron energy of
240 MeV as that in the MLLM, but with a wider
spread of 
ε = 75 MeV than that of 
ε = 28 MeV
in the MLLM. In the LLM, a similar energy spread of

ε = 24 MeV is obtained, but the mean electron energy
is lower (226 MeV) due to the overestimation of radiation
loss. The result that the energy spread is reduced by the RR
classically, whereas it is enlarged by the QSE significantly,
is consistent with the conclusion of Ref. [10]. The larger
energy loss in the LLM cannot lead to a distinguishable
difference in the electron distribution from the MLLM owing
to the equivalent overestimation of the transverse momentum
loss, as shown in Eq. (2). Comparatively, the asymmetric
electron angular distribution can be measured more easily
than the electron energy spread, particularly considering the
fluctuation and statistical uncertainty in experiments.

V. IMPACTS OF THE LASER AND ELECTRON BEAM
PARAMETERS ON THE QSE SIGNATURE

The influences of laser and electron beam parameters on
the QSE signature are discussed below to examine its ro-
bustness and to clarify the requirements for experimental
observation. In Fig. 4, when a0 is increased from 10 to 100,
the 
θy grows from 1 to 43.1 mrad, and the 
θx grows
from 1 to 128.6 mrad. The increment of 
θy indicates the
tendency of the growing transverse ponderomotive force, with
the corresponding deflection angle of 
θp ∝ a2

0. The 
θx,
resulting from the QSE as well, is sensitively dependent on
a0, because of the more remarkable impact of 
θQ ∝ a2.26

0 .
The calculations of 
θx, 
θy, 
θQ, and δ are performed in
Figs. 4(a)–4(c) by means of the numerical simulation and
theoretical estimate. Owing to the continuous radiative loss,
we take γ as the mean of the initial and final average Lorenz
factor of the electron bunch in the estimate, which leads to the
obvious underestimate of 
θx, 
θy, and 
θQ, all in inverse

FIG. 4. Distributions of electron density dNe/dθx vs θx (a) and
dNe/dθy vs θy (b), with a0 increasing from 10 to 100, in the MCM.
The numerical result of 
θx (
θy) (the thin red solid line) is com-
pared with the estimated one based on Eq. (18) [Eq. (14)] (the thick
cyan dashed line). (c) and (d) The 
θQ and δ vs a0, respectively.
The curves obtained via the numerical method (red solid line) and
the estimate from Eqs. (14)–(17) (black dashed line) are presented,
respectively. Other laser and electron beam parameters are the same
as those in Fig. 2.

correlation with γ . Moreover, the deviation of the estimate
result from the numerical one is unavoidable due to other
factors stemming from the laser field configuration and the
electron bunch parameters. However, we can still get a more
accurate estimate of the asymmetry parameter of

δ =
√

1 + (
θQ)2

(
θi )2 + (
θp)2
, (20)

since it has been modified through a reduced influence of γ in
the ratio of 
θx and 
θy, as shown in Fig. 4(d).
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FIG. 5. (a) Impact of the laser pulse duration τ on the asymmetry
parameter of δ, calculated numerically in the MCM (red solid line)
and the MLLM (magenta dash-dotted line) and by the theoretical
estimate from Eqs. (14)–(17) (black dashed line). (b) 
θQ and 
θy

vs τ , in the MCM. Other laser and electron beam parameters are the
same as those in Fig. 2.

Let us keep δ � 1.5 for an unambiguous QSE observa-
tion. This requirement gives a minimum of a0 ≈ 12 (or I0 ≈
2 × 1020 W/cm2) for the currently available electron beam
angular divergence of ∼0.5 mrad [50]. Note that the con-
dition of a0 
 1 is essential for this QSE signature. The
uncertainty from the angular distribution of the radiation prob-
ability confined into a narrow cone at a diameter of ∼1/γ [1]
would obscure the broadening effect on 
θx from the QSE,
as θx = px/pz � a0/γ < 1/γ , when a0 � 1. Accordingly, this
QSE signature could not be measured in the famous E-144
experiment [25–27] with a0 � 1 and χ ∼ 0.1. Meanwhile, it
is demonstrated from Fig. 4(d) that the laser intensity is not
expected to be too large (a0 > 50), as the significant radia-
tive energy loss of the electrons would lessen the asymmetry
parameter.

The impact of the laser pulse duration is illustrated in
Fig. 5. With the duration τ changing from 4T0 to 40T0, the
asymmetry δ in the MCM rises first from 1.96 to 3.15 at τ =
11.5T0 and then declines to 1.89 at τ = 40T0 [see Fig. 5(a)].
The tendency of the δ curve can be explained by the fact
that 
θQ ∝ √

Nγ is enhanced at a decreasing speed with the
growth of the radiation number Nγ ∝ τ , while the augment
of 
θy is at an increasing speed as 
θp ∝ τ/γ 2 with smaller
average γ for larger τ [see Fig. 5(b)]. The indistinctness of
the asymmetry δ under abundant photon emissions could be
understood from the perspective of an electron bunch or a
single electron. For the electrons of a bunch moving in the
same direction initially, they will disperse in an angular range
of <χa0/γ after one single emission. One more emission

FIG. 6. Impact of the initial electron kinetic energy ε0 (a) and the
laser focus radius w0 (b) on the asymmetry parameter of δ. In panel
(b), the initial set of σx,y = 0.1w0 is kept. Other laser and electron
beam parameters are the same as those in Fig. 2.

would cause another dispersion for electrons moving in one
direction. After many emissions, the overlap effect of the dis-
persions of the adjacent electrons becomes significant, leading
to a slight extension of 
θQ with the increasing of Nγ . From
the view of one single electron, the QSE on electron motion
could be weakened by multiple emissions with opposite pγ

x .
To get an apparent asymmetry δ, a moderate initial electron

energy, ε0, is necessary [see Fig. 6(a)]. On the one hand, ε0

should be large enough to weaken the effect from pondero-
motive force, as 
θp ∝ 1/γ 2. On the other, it should not be
too large to ensure a predominant 
θQ ∝ γ −0.24 with respect
to 
θi.

The laser focus radius affects the QSE signature in a pattern
as shown in Fig. 6(b). With 
θp ∝ 1/w2

0, the asymmetry
parameter is enhanced from 2.47 to 4.17, with the increase
of the laser focus radius from 2 to 10 μm. However, δ tends
to be constant when w0 > 7 μm, since 
θp � 
θi.

For experimental feasibility, we also consider a case with a
larger initial electron energy spread (150 MeV) and show the
results in Fig. 7. The asymmetry of the electron distribution is
stable with respect to that in Fig. 2.

It has been shown numerically that the QSE signature is
robust with a variety of laser and electron beam parameters
and is easily observable under currently practicable experi-
mental conditions. The challenges preventing the detection of
the QSE signature lies in the uncertainties of the experiment.
For instance, instabilities of the experimental parameters, such
as unevenness in the electron beam shape and misalignment
between the two counterpropagating beams, would make the
asymmetry in the electron distribution hard to discriminate.
However, data analysis from multiple shots might be helpful
to minimize these uncertainties.
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FIG. 7. Integrated one-dimensional distribution of the electron
density of dNe/dθx,y (mrad−1) vs θx (red solid line) or θy (blue
dash-dotted line) calculated in the MCM (a), in the MLLM (b), in
the LLM (c), and without the RR (d). The initial electron energy
spread is σε = 0.5ε0 = 150 MeV, and other laser and electron beam
parameters are the same as in Fig. 2.

VI. CONCLUSION

In conclusion, we have investigated the QSE of photon
emission on the dynamics of an electron beam head-on col-

liding with a linearly polarized laser pulse in a quasiclassical
regime of χ � 1 and Rc � 1. Under certain conditions, even
when the radiation loss is far less than the electron kinetic
energy, the QSE could be elicited and distinguished by the
asymmetry of the final electron angular distribution between
the laser polarization direction and the other orthogonal di-
rection. This QSE signature could be observed intuitively on
the image from the detector of electron deposition. It could
provide a feasible scheme to test one of the fundamental quan-
tum properties, the stochastic nature of photon emission, with
much more relaxed requirements on experimental parameters,
such as a laser intensity of I0 � 1021, an electron energy of
∼100 MeV, an energy spread of 50%, etc., currently available
in experiments.

Note added. Recently, another tightly related preprint of
Ref. [53] appeared on the arXiv.
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